Tomato fruits accumulate most of their solid contents during rapid fruit development. The balance of water transport to assimilate transport into fruits during that stage is an important factor that determines the final solid content of fruits at harvest. In this study, the relationship of sucrose concentration of the phloem sap to the solid content of rapidly growing fruits was investigated. At the anthesis of the second truss, the stem just above the first truss was heat-girdled, while newly emerging leaves above the second truss were pinched regularly to diminish cross translocation of carbohydrates between the source-sink unit, consisting of the second truss and three leaves below, and other parts of the plant. The leaf to fruit ratio (LFR) as the number of leaves per fruit of this isolated source-sink unit was manipulated at the fruit set of the truss. When LFR was increased from 0.2 to 1, fruit dry weight increased linearly from 3.5 to 7 g, but it saturated beyond the LFR of 1. By contrast, the contents of dry matter and soluble sugars on a fresh weight basis increased linearly within the whole range of LFR from 0.2 to 3. The sucrose concentration of the phloem sap, collected from the pedicel by the modified EDTA method, also increased as LFR increased, and a positive correlation was observed between sucrose concentration of the phloem sap and the contents of dry matter and total soluble sugars. These data suggested that solid content can be increased in a wide range of LFR in proportion to the sucrose concentration of the phloem sap.
Introduction
Solid content of fruit not only defines its nutritional value but also gives an insight into the allocation of carbon compounds to sink organs. Like all soft fruit, water is the major component of tomato fruit, while the remaining portion is solid (Davies and Hobson, 1981) , and is composed of sugars, organic acids, proteins, minerals, lipids, amino acids, vitamins, pigments, and structural carbohydrates (Davies and Hobson, 1981; Salunkhe et al., 1974) . Soluble sugars and organic acids, which contribute 2/3 of the fruit total solids (Bertin et al., 2000; Guichard et al., 2001) , influence the taste and flavour of the fruits (Ho, 2003; Salunkhe et al., 1974) . Solid contents may be manipulated by modifying growing conditions (Bertin et al., 2000; Ho et al., 1987; Islam et al., 1996; Plaut et al., 2004) or the leaf to fruit ratio (LFR) (Heuvelink, 1997; Hewitt and Stevens, 1981; Marcelis, 1993a, b, c) , as well as genetically (Baxter et al., 2005; Petreikov et al., 2009) .
There has been a long argument about whether photoassimilate accumulation in fruits is controlled source-dependently or sink-dependently. When the number of fruits on a plant was increased, fruit yield increased proportionally to the number of fruits, but the fruit weight was not affected in tomato (Heuvelink, 1997) , cucumber (Marcelis, 1992) , and melon (Valantin et al., 1999) , as long as the fruit load was below the threshold level. These reports suggested that dry matter accumulation by fruits is mainly regulated sinkdependently. Other reports suggested the sourcedependency of soluble solid contents. Hewitt and Stevens (1981) compared tomato genotypes differing in fruit solid content and observed that the genotype with higher solid contents had a higher leaf area per fruit. Similarly, the dry matter percentage and sucrose contents of mango fruits were observed to increase significantly by a high LFR (Lechaudel et al., 2005) . Moreover, solid contents could be increased by high irradiance in cucumber (Marcelis, 1993b) and by high CO 2 levels in tomato (Islam et al., 1996) .
315
The phloem was estimated to be the primary route for water transport into tomato fruits (Guichard et al., 2005; Ho et al., 1987; Plaut et al., 2004) at a later stage of fruit development. Low contribution of the xylem to the transport may be due to the high hydraulic resistance to xylem flow at the pedicel (Lee, 1989; Rancic et al., 2010; Van Ieperen et al., 2003) , or within the pericarp (Malone and Andrews, 2001) . Assuming that the phloem is the primary route for water transport into fruit, the fluctuation in sucrose concentration of the phloem sap would directly alter the ratio of solid transport to water transport into the fruits, and thereby alter the fruit solid contents. As sucrose concentration of the phloem sap possibly develops in the source leaves, it is not surprising that the solid content of fruits is determined sourcedependently.
In tomato, the relationship among the source-sink ratio, sugar concentration of the phloem sap, and fruit solid content is of particular importance. In various other species, phloem sap has been collected from leaves or stems through the insect stylectomy technique (Gaupels, et al., 2008; Kawabe et al., 1980) , the EDTA-chelating method (Helden et al., 1994; King and Zeevaart, 1974) , or the cut exudation method (Richardson et al., 1982; Walz et al., 2004) ; however, these studies were not focused on the relationship of phloem sap sugar to fruit quality. Moreover, there are no reports which describe the successful collection and quantification of phloem sap that enters tomato fruits. The only method available is based on the estimation of the rate of water import through the phloem and that of carbohydrates (Ho et al., 1987; Plaut et al., 2004) . Water import through the phloem could be estimated by the reduction in fruit growth after heat-girdling (Plaut et al., 2004) ; however, these reports discuss changes in the phloem sugar as a result of saline stress and do not focus on the relationship of phloem sugar and fruit solids.
In this study, we applied a modified EDTA-chelating method to quantify the sucrose concentration of the phloem sap, and evaluated the relationship among fruit dry weight, solid contents of the fruits, and the sucrose concentration of the phloem sap, in plants with a broad range of LFR.
Materials and Methods

Plant materials
Seeds of tomato (Solanum lycopersicum L.) 'House Momotaro' and 'Saturn' were obtained from Takii (Japan). In Exp. 1, plants of 'House Momotaro' were grown in 5-L pots containing 1 : 1 mixture of peat-based soil (Soil Mix, Sakata, Japan) and granulated soil (Engei Baido, Kureha, Japan) in a glasshouse controlled at above 15℃ at night. Twenty to 30 plants were sown at 3-to 4-weeks intervals in spring and autumn of 2008 and 2009 . Fertilization was performed with half-strength Otsuka nutrient solution (Otsuka Chemical Co. Ltd., Japan) twice a week. Plants were watered with tap water when needed. Each time, enough water/nutrient solution was given until it leached out of the pots. Plants were arranged according to a randomized complete block design and trained to a single stem through regular pinching of axillary buds. Tomato plants usually produce 9 leaves preceding the first truss, and then every succeeding truss is formed at an interval of 3 leaves. The first truss of the plant was removed at its anthesis. On the second truss, the first flower of the truss was pinched off and the remaining fruits were set by applying synthetic plant hormone (Tomato tone, Ishihara Co. Ltd., Japan) uniformly. Sap was collected from the second fruit of the truss.
Treatments
At the anthesis of the second truss, the stem just above the first truss was wrapped with a piece of cotton and hot water (90℃) was poured on with a glass funnel. Heating makes sieve tubes non-functional with minimal damage to the xylem vessels (Guichard et al., 2005) . Shoot apices kept growing, but newly emerging leaves, above the second truss, were pinched regularly. These treatments diminished the cross translocation of carbohydrates between the second source-sink unit, consisting of the second truss and 3 leaves below the truss, and other parts of the plant. The required LFRs of 0.2, 0.4, 0.6, 0.75, 1, 1.5, 2, and 3, corresponding to 1/5, 2/5, 3/5, 3/4, 1/1, 3/2, 2/1, and 3/1 leaves per fruit, were maintained for this source-sink unit through defoliation and flower removal. For LFRs where the number of leaves was less than three on a source-sink unit (1/5, 2/5, 1/1, and 2/1), the lower leaves of the source-sink unit were removed at the fruit set of the second flower while the remaining upper leaves were kept intact as per their treatments. For all LFRs, the second flowers of the truss were allowed to set fruits. When the number of fruit per truss was more than one, fruit setting was continued until the required number from the second fruit onward in succession, and the remaining flowers were pinched off. Two weeks after the fruit set of the second flower, the plants were shifted to a growth chamber (1.8 m × 1.8 m) controlled at 23℃ and 70% relative humidity. In the growth chamber, plants were acclimatized for 4-5 days at 23℃ and 70% relative humidity, receiving a PPFD of 400 μmol·m
·s −1 at the height of the second truss of the plant for 14 h a day. Since the growth chamber could accommodate 4 plants at a time to avoid the problem of light interception by nearby plants, plants were grown in the glasshouse and shifted to the growth chamber continuously. A single plant was considered as a replicate and the number of replicates was 9, except for the treatments of LFR 1/5 and 2/5, where the number of replicates was 4.
We conducted a set of four similar experiments (Exp. 2-5) using 'Saturn' plants in [2005] [2006] [2007] . In these experiments, either LFR was manipulated or plants were subjected to shading to study fruit sugar content in relation to changes in phloem sap sucrose concentration. In these experiments, plants were grown in a glasshouse controlled at above 15℃ at night, but these plants were not subjected to heat-girdling. The second trusses bearing one fruit were used for the experiment, while flowers at other trusses were removed. In Exp. 2, plants at anthesis of the second truss were set at LFRs of 6, 8, or 12 (6, 8, or 12 leaves and one fruit). Exp. 3 and 4 were similar to Exp. 2, but LFRs were set at 1, 2, 6, or 8 in Exp. 3 and 2, 8, or 12 in Exp. 4. In these three experiments, all the leaves above the second truss were removed, except for LFR of 12, in which case 3 leaves above the second truss were kept on plants. To maintain the required LFR, leaves were removed starting at the bottom of the plant as per their treatments. In Exp. 5, plants were transferred to a growth chamber one week after anthesis and were acclimatised to this condition for one week. Two weeks after anthesis, whole plants, all leaves, or only fruits were shaded with black cloth with 90% light interception. Unshaded plants were used as the control. These plants were collected one week after the initiation of treatment. The number of replications was 3, 5, 4, and 6 for Exp. 2, 3, 4, and 5, respectively. In all experiments where LFR was manipulated, the defoliation procedure was designed to ensure a higher ratio of leaf area to fruit number at higher LFR.
Collection of phloem and xylem exudates from the pedicel Phloem and xylem influx from the pedicel was collected by the EDTA-chelating method, as described for tomato (Araki et al., 1997) , with some modifications for the quantification of net phloem sap. First, a fruit on the truss was severed with a sharp razor. The pedicel, ventral to the knuckle, was slightly lubricated with white petroleum jelly while taking care that the cut end remained untouched. The cut end was incubated in 20 mM EDTA (pH 7.0) solution for 5 min in half 1.5 mL microtube (Fig. 1A) , and a thin slice was re-excised. Then, the pedicel was washed with EDTA solution in half 1.5 mL microtubes for 2 h. The washing solution was replaced every 30 min. All washing solutions were discarded. Subsequently, the cut end was wiped softly with tissue paper and the sap was collected in 200 μL EDTA + HPTS solutions (20 mM EDTA + 1 mM HPTS [8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt]) for 1 h (Fig. 1B) . The collecting tube was wrapped with Parafilm (Pechiney Plastic Packaging Co., USA) to avoid evaporation loss. This collection contained a mixture of phloem and xylem exudates. EDTA minimise callose formation by Ca 2+ in phloem vessels, thereby enhancing sap exudation (King and Zeevaart, 1974) . HPTS is a cell membrane-impermeable florescent probe and its dilution by the exudate could help to quantify the volume of net collected sap. The fruit pedicel was fuzzy and solution that adheres to the trichomes can be lost via capillary action out of the tube. Petroleum jelly was applied around the pedicel to prevent such loss and to prevent evaporation from the pedicel that caused xylem water to back flow from the microtube.
After an hour of collection, the pedicel was reincubated in new EDTA solution. The basal side of the abscission layer was wrapped with a piece of cotton and heat-girdled with hot water at 90℃ to inactivate the phloem. After 30 min, the pedicel was wiped gently and the exudate (xylem sap) was collected for 1 h in fresh 200 μL EDTA + HPTS solution (Fig. 1B) . Both collections were taken separately in 1.5 mL microtubes and stored at −18℃ for later analysis.
Quantification of the sucrose concentration of the phloem sap To quantify the volume of exuded sap, an aliquot of 20 μL from each sample was diluted in 1 mL Tris-HCl (100 mM, pH 7.2) and absorbance at 402 nm was measured. The absorbance was compared with standard EDTA + HPTS solution to determine the dilution rate of the collecting solution by the exudate and thereby determine the volume of the exudate. Net phloem sap volume was calculated by subtracting xylem exudation from the mixture of phloem + xylem exudates. The loss of EDTA + HPTS solution via xylem recirculation was regarded as negligible, as was confirmed through UV lamp observation of HPTS fluorescence in pedicel cut sections.
Sucrose of the collected samples was hydrolysed with invertase (EC 3.2.1.26, 300 U·mg −1 , Roche, Germany) in a Na-citrate buffer (320 mM, pH 4.3). The amount of glucose was determined enzymatically using an assay kit, Glucose CII (Wako, Japan). Sucrose concentration of phloem sap was calculated by dividing the amount of sucrose collected in the sap by the estimated volume of the phloem sap.
Analysis of carbohydrates and organic acids
Fruit samples were freeze-dried and ground into fine powder in a mortar with a pestle. About a 100 mg sample was boiled in 80% ethanol for 2 h at 85℃. The extracts were filtered through Whatman GF/F filter paper (25 mm; Whatman, England) and the filtrates were dried in a rotary evaporator under a vacuum. The extracts were dissolved in 10 mL water. An aliquot of sample was passed through the ion-exchange resin column of Amberlite MB-3 (Organo, Japan) for sugar analysis. Samples were centrifuged at 15,000 rpm, 4℃ for 10 min. An aliquot of the supernatant was diluted depending on the concentration and subjected to 10A-HPLC (Shimadzu, Japan) equipped with a RI-101 refractive index detector (Shodex, Japan). Sugars were separated through a CARBOSep CHO-620 column (6.5 mm I.D × 300 mm, Transgenomic, USA) at 90℃. The mobile phase was degassed water at a flow rate of 0.5 mL·min −1 . For organic acid analysis, a sample mixed with internal standard (succinic acid) was diluted with water and the acids were separated by TSK gel ODS 100 V column (4.6 mm I.D. × 250 mm, 5 μm; Tosoh, Japan) at 40℃ on Shimadzu 10-A HPLC system equipped with an SPD-10AV UV-VIS detector (Shimadzu) set at 210 nm.
Phosphoric acid (0.1%) was used as the mobile phase with a flow rate of 0.8 mL·min −1 . For starch extraction, the ethanol-insoluble fraction was boiled in 10 mL water at 100℃ for 2 h. The liberated starch was hydrolysed through amyloglucosidase (EC 3.2.1.3, 142 U·mg −1 , Sigma, USA) in 1 mL of 0.2 M Naacetate buffer (pH 4.5) at 37℃ overnight. The glucose contents were determined enzymatically using an assay kit, Glucose CII (Wako) and starch contents were calculated.
Results
Fruit growth and solid accumulation
Fruit fresh weight and the fruit cross-sectional area increased steadily as LFR increased up to 1, but further change was very small (Table 1 ). Fruit fresh weight was 40 g at the lowest LFR and increased to 80 g at an LFR of 1, but no obvious change was observed at higher LFRs. Fruit cross-sectional area also showed a similar pattern of change to various LFRs (Table 1) . The effect of different LFRs was more pronounced in the fruit dry weight. Fruit dry weight also increased linearly from 3.5 to 7 g until an LFR of 1, but was then saturated (Fig. 2A) .
By contrast, the dry matter content increased linearly within the whole range of LFRs (0.2-3) from 8% to 11% and positively correlated to LFR (r = 0.972, Fig. 2B ). The changes in the contents of soluble sugars and organic acids (Table 1) were similar to those of dry matter. Positive correlations with LFR were also observed for total soluble sugars (r = 0.890) and organic acids (r = 0.943). Starch content was low below an LFR of 1, increased at an LFR of 1, and showed no further increase (Table 1 ). The sum of sugar and starch contents exhibited a consistent increase within the whole range of LFRs.
Phloem sap collection and measurements of the sucrose concentration Phloem and xylem exudates were collected in EDTA + HPTS solution from the cut pedicel. The exudation rate was 15-60 μL·h −1 before heat-girdling, after which it decreased to 6-26 μL·h −1 , giving a phloem sap Table. 1. Effects of leaf to fruit ratio (LFR) on fruit fresh weight (FW), fruit cross sectional area, contents of total soluble sugars, starch, starch plus soluble sugars (Starch + Sugar), and organic acids as the sum of citric acid, malic acid, and maleic acid in fruits collected 18-19 days after fruit set (Exp. 1).
z The number of leaves between the first and the second truss per number of fruits on the second truss. The values are the mean ± SE. The number of replicates are n = 4 for LFR of 1/5 and 2/5, n = 9 for the other treatments. . Sucrose concentration of the phloem sap increased from 4% to 7% as LFRs increased (Fig. 2C) , and showed a positive correlation with dry matter content and total soluble sugars (Fig. 3A,  B) .
We also performed various short-term experiments using tomato 'Saturn', either manipulating LFRs or light intensity to know the relation of fruit solids and phloem sap sucrose concentration. The combined results revealed the significant correlation of LFR with the contents of dry matter and total soluble sugars (Fig. 3C,  D) . In those experiments the sucrose concentration of the phloem sap ranged from 1 to 10%, depending on the treatments.
Discussion
Estimation of phloem sap sucrose by modified EDTAmethod Araki et al. (1997) reported the collection of phloem sap from the cut end of the tomato pedicel by the EDTAchelating method. They measured the amount of sucrose effused from the cut ends of the pedicel into EDTA solution, but they did not evaluate the volume of exudate so that the sucrose concentration of the phloem sap was not determined. Our approach was based on their method with some modifications. In grape (Lang and Thorpe, 1989) and tomato (Guichard et al., 2005) , the subtractive method employing heat-girdling was used to separately quantify the phloem and xylem flow, estimated by the fruit volumetric growth as attached to the plant. In the present work, we combined the subtractive method with the EDTA-chelating method to collect and estimate the sucrose concentration of the phloem sap. We supposed that the estimated volume of the exudate, calculated from the dilution rate of HPTS added to the sampling solution, before and after the heat-girdling gave us an estimate of the phloem sap collection.
To avoid the possibility of the contamination of sucrose leakage from apoplasts, we discarded the initial two-hour exudates, as van Bel and Hess (2008) reported that collection after one-hour incubation in EDTA solution was practically free from sugar leakage. In addition, sucrose was collected in neutral buffer, which inhibits sucrose hydrolysis by acid invertase, which may be released from the wounded cells (Amiard et al., 2004) . Sucrose concentration of the phloem sap ranged from 3 to 7% in 'House Momotaro' and 1 to 10% in 'Saturn', depending on the treatments. These values are approximately equivalent to the estimation by Ho et al. (1987) and Plaut et al. (2004) .
From the cut pedicel, the observed ratio of exudation of the phloem to xylem was lower than the estimated ratio of transport of the phloem to xylem in intact plants reported by Ho et al. (1987) and Plaut et al. (2004) . The hydraulic resistance to xylem flow is reported to occur within the fruit pericarp (Malone and Andrews, 2001) ; therefore, the ratio of exudation of the phloem to xylem can vary once fruit is severed from the pedicel.
Sink-dependent regulation of fruit dry weight at high LFR
Fruit fresh weight, fruit cross-sectional area, and fruit dry weight exhibited no increase as LFR increased above Fig. 2 . Effects of leaf to fruit ratio (LFR) on fruit dry weight (A), dry matter content (B), and the sucrose concentration of the phloem sap (C) in fruits collected 18-19 days after fruit set (Exp. 1). Number of replicates are n = 4 for LFR of 1/5 and 2/5, n = 9 for the other treatments in A and B. Number of replicates are n = 3, 5, 6, 4, 5, and1 (Table 1, Fig. 2 ). This saturation curve indicates that fruit growth is not dependent on the source strength, but is regulated sink-dependently at these LFRs in developing fruits. Such a saturation curve is in agreement with previous observations in tomato (Heuvelink and Buiskool, 1995) , cucumber (Marcelis, 1993b) , and cantaloupe (Valantin et al., 1999) . Dorais et al. (1999) hypothesized that the import rate of sucrose in fruit is determined by carbon utilization in the sink. The rate of phloem unloading is supposed to be regulated by the activity of sucrose-metabolizing enzymes (Dorais et al., 1999) , sucrose transporters (Hackel et al., 2006; Kuhn et al., 2003) and post-unloading sugar metabolism, and compartmentation within the fruit cells (Ho, 1988; Wang et al., 1993 , Yamaki, 2010 ; therefore, sucrose uptake from the phloem can be limited by the rate of unloading governed by the fruit growth, as long as LFR is not too low.
Effects of LFR on the fruit solid contents
Unlike fruit fresh weight and dry weight, the contents of dry matter and soluble sugars increased linearly by 40-50% as LFR increased (Table 1, Fig. 2B ). This result implies that, in developing fruit, solid content is dependent on leaf area per fruit and therefore is influenced by the source in a wide range of source/sink ratios. Among all the organic compounds analyzed, only starch showed saturation of its content at high LFR. Starch content was low below LFR of 1, but increased and saturated above LFR of 1 (Table 1) . Starch accumulation may be determined by the balance between its synthesis and degradation, and is likely to be under metabolic regulation. The accumulation of starch was presumably saturated due to the high concentration of sugars in the fruits, but not due to the high LFR itself. Luengwilai et al. (2010) pruned tomato plants to two fruits/truss and observed no significant change in fruit starch content and the rate of synthesis.
Tomato fruits accumulate most of their dry matter at a rapid stage of development (Ho et al., 1983) ; therefore, at this stage, the relationship between dry matter and phloem sucrose concentration can better explain the final status of solids in fruit. In this study, a positive correlation was observed between the sucrose concentration of the phloem sap and contents of dry matter and total sugars (Fig. 3A-D) . The results indicate the importance of the sucrose concentration of the phloem sap for the determination of the solid content in a developing tomato fruit. Such relationships were found in studies of tomato grown under saline stress or high nutrient electric conductivity, where higher content of dry matter was attributed to the higher concentration of phloem sap Table 1 . C, D: Other sets of experiment using 'Saturn'. Plants were grown at leaf to fruit ratio of 6, 8, 12 (Exp. 2, ▲, n = 3), 1, 2, 3, 6, or 8 (Exp. 3, □, n = 5), and 2, 8, or 12 (Exp. 4, ○, n = 4) or with or without shading of fruit, leaves, or whole plants (Exp. 5, ◆, n = 6). ** Significant correlation at P < 0.01.
sugars (Ho et al., 1987; Plaut et al., 2004) . The altered sucrose concentration of the phloem sap may be due to the shift of balance between the water demand by the fruits and the capacity of source leaves to load sucrose into the phloem. Assuming that the phloem is the main route of water transport into fruits (Araki et al., 2004; Guichard et al., 2005; Ho et al., 1987; Plaut et al., 2004) , high fruit load would accelerate water export from the source leaves through the phloem. At a higher rate of water export, the rate of sucrose loading at the source leaves may be delayed as compared with faster water export, thereby decreasing the sucrose concentration of the phloem sap. Also, under a low fruit load, the competition for assimilates between source leaves will presumably be lowered, and this may lead to excessive accumulation of carbohydrates in source leaves. A high source/sink ratio was reported to increase leaf area (Heuvelink and Buiskool, 1995) and leaf mass per unit leaf area (Bertin and Gary, 1998; Heuvelink and Buiskool, 1995) . Such potential alteration may also affect the sucrose concentration of the phloem sap. The evaluation of leaf area, carbohydrate content, or photosynthetic activity of source leaves in response to increased LFR would be necessary to reveal the underlying processes which lead to increased sucrose concentration of the phloem sap. Since excessive increase in LFR conversely affects fruit yield, understanding the mechanism would be beneficial for the improvement of fruit quality without decreasing fruit yield.
In summary, the present work showed that, while elevating the source-sink ratio, LFRs higher than of 1 have a negligible effect on fruit growth, but can increase fruit solid content as well as the sucrose concentration of the phloem sap. The optimum source-sink ratio is usually set as three to five fruits per truss in crop production (Kang et al., 2009) , and decreasing the number of fruits per truss is regarded as having no advantage, considering the saturation of fruit growth at higher LFR. However, it could be possible to improve fruit quality by manipulating source strength, such as by increasing the source leaf area per fruit, or elevating photosynthetic activity, light environment, and ambient carbon dioxide levels.
